Subsets of human tumors are infiltrated with tumor antigenspecific CD8
Introduction
Tumors from many different cancer types can be infiltrated by CD8 þ T cells [tumor-infiltrating lymphocytes (TILs; ref.
1)], and their presence has positive prognostic value (2) . Despite their prognostic importance, most T cell-infiltrated tumors grow progressively. Evidence has suggested that TILs become functionally impaired through a multitude of immunosuppressive mechanisms within the tumor microenvironment, including engagement of the inhibitory receptor PD-1 by its major ligand PD-L1 (3), the activity of metabolic enzymes such as indoleamine-2,3-dioxygenase (3), and extrinsic suppression by FoxP3 þ regulatory T cells (Tregs) (3) . However, we have found that antigen-specific TILs appear activated, produce IFNg in situ, and retain cytolytic potential despite expression of PD-1, LAG-3, and other inhibitory receptors (4) . These results indicate that TILs within progressing tumors may not be as functionally inert as once thought, and raise the question of why these TILs are not able to control progressing tumors.
Immunotherapy that targets T-cell inhibitory receptors PD-1 or CTLA-4 can lead to impressive tumor control in patients (5, 6) .
Data from mouse models and human cancer patients suggest that blockade of inhibitory receptors predominantly acts on the preexisting T-cell infiltrate residing in the tumor microenvironment at the time of treatment onset (7, 8) . In mouse models, efficacy of anti-CTLA-4 and anti-PD-L1 combination therapies did not require new migration of T cells to the tumor from lymphoid tissues (7) . Similarly, clinical studies demonstrated that patients with tumors infiltrated by CD8 þ T cells are much more likely to benefit from checkpoint blockade immunotherapy (8) . The efficacy of treatment has been assumed to correlate with a proliferative burst in TILs (8) . However, our data indicated that TILs are already proliferating in situ (4) . This led us to hypothesize that other mechanisms might account for failed T cell-mediated tumor elimination at baseline, as well as improved tumor control in the context of immunotherapy.
To test these hypotheses, we utilized the B16.SIY murine melanoma model. B16.SIY is a transplantable melanoma cell line that was originally isolated from a spontaneous murine melanoma and then engineered to expresses the model antigen SIYRYYGL (SIY). B16.SIY will grow progressively when transplanted subcutaneously into wild-type (WT), syngeneic C57BL/6 mice (9). This system allows us to study the immune response against a progressing tumor. The SIY peptide is presented to CD8 þ T cells in the context of H2-K b (10) , which enables monitoring of SIY-specific T-cell responses in tumor-bearing hosts using IFNg ELISPOT, as well as SIY-pentamer staining and flow cytometry. CD8
þ TILs in B16.SIY tumors express receptors that are targets for antibody-based immunotherapy, including PD-1, CTLA-4, and 4-1BB, allowing us to study how immunotherapy influences tumor antigen-specific T-cell responses (4).
In the current study, we found that antigen-specific TILs were not only undergoing continuous proliferation but also apoptosis within the tumor microenvironment. This cycle of activation and death restrained T-cell numbers within the tumor and led to inadequate tumor control. In contrast to progressor tumors, spontaneously rejecting tumors showed 5-fold higher numbers of SIY-specific TILs without evidence of apoptosis. Overexpressing the antiapoptotic molecule Bcl-x L in T cells reduced TIL apoptosis and increased TIL accumulation in progressor tumors, and anti-4-1BB combination immunotherapies promoted tumor control by a mechanism associated with prevention of TIL apoptosis. Therefore, tumor antigen-specific TIL apoptosis appears to be a critical limiting factor of T-cell immunity against tumors.
Materials and Methods

Mice
C57BL/6 and Rag2 À/À mice were from Taconic. Lck pr -Bcl-x L mice were a gift from Dr. M. Alegre (University of Chicago, Chicago, IL). Transgenic 2C TCR mice were bred in our facility (11) . All mice were housed at University of Chicago in specific pathogen-free conditions in accordance with the NIH animal care guidelines. Autochthonous melanoma mice were described previously (11) . All experiments were approved by the Institutional Animal Care and Use Committee at the University of Chicago and followed international guidelines.
Cell culture and inoculation
B16.F10, MC57, and 1969 cells were engineered to express SIYRYYGL, a peptide isolated from a random peptide library that binds H-2K b . The resulting cell lines B16.SIY, MC57.SIY, and 1969.SIY, respectively, were cultured in DMEM with 10% FBS and penicillin and streptomycin, as described previously (4) . Cells (2 Â 10 6 ) were inoculated subcutaneously into the right flank of each animal.
Cells were cultured for one month after thawing. Cells were tested yearly for mycoplasma contamination using the HEK-Blue system (Invivogen). Our laboratory previously generated B16.SIY and 1969.SIY cell lines (4, 9) . MC57.SIY cells were a gift from Dr. Hans Schreiber (University of Chicago; ref. 12). Cell lines were not reauthenticated or tested for cell line cross-contamination in the past year.
Antibody treatments
All therapeutic and depleting mAbs were purchased from Bio X Cell. Antibodies (100 mg) to 4-1BB (LOB.12.3), CTLA-4 (UC10-4F10-11), and PD-L1 (10F.9G2) were injected intraperitoneally 7 days after tumor inoculation. For tumor outgrowth, mAbs were given on days 7, 10, 13, and 16 after tumor inoculation. To deplete CD4-, CD8-or NK1.1-expressing cells, mAbs (250 mg) to CD4 (GK1.5), CD8 (2.43), NK1.1 (PK136) were given 24 hours before tumor inoculation, and then every 7 days.
FTY720 administration
FTY720 (5 mg/mouse, Enzo) was dissolved in DMSO and then diluted in PBS before administration daily by oral gavage.
Flow cytometry
Cells were analyzed on either a BD Fortessa or LSR-II cytometer. SIY-loaded pentamers were from ProImmune. The following antibodies were used in analyses: BD Biosciences: CD45 (30-F11), CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7), bromodeoxyuridine (BrdU; Bu20a), Ki-67 (35/Ki-67), and active caspase-3 (C92-605); eBioscience: LAG-3 (C9B7W), 4-1BB (17B5); BioLegend: PD-1 (RMPI-30); Thermo Fisher Scientific: gH2AX (CR55T33). Fixable viability dyes were used to gate out dead cells and were purchased from eBioscience. Tumors, lymph nodes and spleens were dissociated through a 70 mm cell strainer to generate cell suspensions. Tumor suspensions were centrifuged over a Ficoll-Hypaque gradient to isolate live mononuclear cells. Cell suspensions were stained with antibodies in PBS containing 1% FBS for 20 minutes at room temperature. For intracellular antigens, cells were fixed and permeabilized in FoxP3 buffer (eBioscience) for 30 minutes at room temperature, washed, and stained with intracellular antibodies for 30 minutes at room temperature. For Annexin V staining, cells were first stained with extracellular antibodies and fixable viability dyes. Immediately before analysis, cells were stained using the Annexin V Staining Kit (BD Biosciences, catalog number 559763).
Adoptive transfer
Splenocytes were isolated from 2C or 2C Bcl-x L mice, and red blood cells were lysed with Gey's solution. Cells were stimulated with plate-bound CD3 and CD28 antibodies for 4 to 6 days to generate activated effector cells. A total of 1 Â 10 6 cells were then transferred intravenously to mice with 7-day established tumors.
BrdU administration
BrdU (0.8 mg, BD) was given intraperitoneally 24 hours before animal sacrifice. After staining extracellular antigens, cells were fixed and permeabilized with FoxP3 buffer (eBioscience) for 30 minutes at room temperature. Cells were resuspended in PBS with DNase I (300 mg/mL, Roche) at 37 C for 1 hour. Cells were subsequently stained with anti-BrdU antibody at room temperature for 30 minutes.
Gene expression profiling
The microarray data are available in the Gene Expression Omnibus database under accession no. GSE79919.
Statistical analysis
GraphPad Prism was used to compute all statistical tests. Data represent mean AE SEM. Mann-Whitney U, Kruskal-Wallis, and two-way ANOVA statistical tests were calculated in GraphPad Prism: Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001; ÃÃÃÃ , P < 0.0001.
Results
Tumor antigen-specific CD8 þ T cells proliferate in the tumor microenvironment We previously found that antigen-specific TILs acquired a phenotype that included PD-1, LAG-3, and 4-1BB expression (4) . Despite inhibitory receptor expression, however, these TILs proliferated within the tumor microenvironment (4). To rule out the possibility that TILs proliferated at early stages of tumor growth but lost proliferation upon persistent tumor antigen exposure, we examined TIL proliferation over time as tumor growth was progressing. To detect TIL proliferation, we pulsed mice bearing subcutaneous B16.SIY tumors with BrdU 24 hours before sacrifice at various time points (Fig. 1A) . Although little BrdU was incorporated 7 days after tumor injection, we observed consistent BrdU incorporation by TILs 10 to 21 days after tumor injection. Incorporation of BrdU was significantly greater in the TILs than in the spleen, indicating that TILs were constantly A, C57BL/6 mice were injected subcutaneously with 2 Â 10 6 B16.SIY tumor cells on day 0 and sacrificed at the indicated time points. One day prior to sacrifice, mice were injected intraperitoneally with BrdU (0.8 mg). Spleens and tumors of mice were analyzed via flow cytometry for BrdU incorporation in CD8 þ T cells. Day 7, n ¼ 5; day 10, n ¼ 10; day 13, n ¼ 10; day 16, n ¼ 10; day 21, n ¼ 5. Data pooled from 3 independent experiments, two-way ANOVA. B, Analysis of TILs for the incorporation of BrdU on day 13, combined with phenotyping for the expression of PD-1, LAG-3, and 4-1BB. Data pooled from 2 independent experiments. One-way ANOVA, n ¼ 10. C and D, TILs were stained with SIY pentamer and analyzed for the expression of PD-1, LAG-3, and 4-1BB on day 13 after tumor injection. Representative data from more than 3 independent experiments, n ¼ 5, one-way ANOVA. E, Tumors of mice bearing B16.SIY tumors for 13 days were analyzed for SIY pentamer-reactive cells and Ki-67 expression via flow cytometry, day 7, n ¼ 8; day 13, n ¼ 10; day 21, n ¼ 5. Data pooled from 3 independent experiments. Two-way ANOVA. Ki-67 Annexin V -ef780 Mann-Whitney U test. C, TILs from B16.SIY tumor-bearing mice were analyzed for active caspase-3 as in A and for expression of PD-1, LAG-3, and 4-1BB via flow cytometry. Data pooled from 6 independent experiments. One-way ANOVA, n ¼ 29. D, TILs were stained with SIY pentamer and analyzed as in C, n ¼ 29. Data pooled from 6 independent experiments. E, TILs from B16.SIY were isolated and analyzed for the expression of PD-1, LAG-3, and 4-1BB, as well as binding to fluorescently labeled Annexin V and Fixable Viability Dye eFluor 780, n ¼ 10. Data pooled from 2 independent experiments. Two-way ANOVA. The indicated statistical differences are compared with the PD-1 proliferating in the tumor microenvironment. To analyze antigenspecific TILs, we used K b /SIY pentamers. Unfortunately, the BrdU staining interfered with the detection of pentamer-reactive cells. Expression of the surface receptors LAG-3 and 4-1BB identifies antigen-specific TILs (4); therefore, we phenotyped TILs for LAG-3 and 4-1BB while measuring BrdU incorporation (example phenotyping in Supplementary Fig. S1A ). The most actively proliferating subpopulations of TILs expressed LAG-3 (Fig. 1B) , suggesting that antigen-specific TILs were proliferating within the tumor microenvironment during tumor progression. LAG-3 þ populations remained the most proliferative subset of TILs over the course of tumor outgrowth ( Supplementary Fig. S1B ). Consistent with our previous finding that this surface phenotype enriches for antigen specificity (4), 80% to 90% of SIYreactive TILs expressed LAG-3, or LAG-3, and 4-1BB (Fig. 1C) , and conversely the PD-1 þ LAG-3 þ 4-1BB þ population was 3-fold more highly enriched for SIY-reactive TIL than the other phenotypic subsets (Fig. 1D ). This phenotype was consistent over all time points analyzed ( Supplementary Fig. S1C ), indicating that antigen-specific TILs proliferate for the duration of tumor outgrowth. To confirm this directly, we analyzed Ki-67 expression as an alternative indicator of proliferation, as Ki-67 staining was compatible with SIY staining. Nearly all SIY-reactive TILs expressed Ki-67 at every time point analyzed (Fig. 1E ). Despite this constant TIL proliferation, total TILs or SIY-reactive TILs did not significantly accumulate over the time points analyzed (Supplementary Fig. S1D and S1E). Therefore, some other process was restraining TIL accumulation despite constant proliferation.
Proliferating CD8 þ T cells undergo apoptosis in the tumor microenvironment To investigate how TILs can constantly proliferate without accumulating, we asked whether these cells were simultaneously undergoing apoptosis within the tumor microenvironment. Caspase-3 is activated via cleavage during apoptosis, and effector T cells containing active caspase-3 are undergoing cell death (13, 14) . Therefore, we utilized flow cytometry to detect intracellular active caspase-3. We found that at day 13 after tumor injection, a large fraction of TILs and SIY-reactive TILs contained active caspase-3 within the tumor but not in the spleen (Fig. 2A) . Caspase-3 staining among TILs was consistent throughout tumor growth ( Supplementary Fig. S2A We wanted to better understand the relationship between TIL surface phenotype, proliferation, and apoptosis. Phenotypic analysis revealed that TIL coexpressing LAG-3 and 4-1BB showed the highest rate of apoptosis (Fig. 2C) , which suggested that antigenspecific TILs were simultaneously proliferating and dying. LAG-3 þ 4-1BB þ TILs maintained the highest rates of apoptosis over time ( Supplementary Fig. S2B ). The rate of apoptosis of LAG-3 þ 4-1BB þ cells was not significantly changed over the analyzed time points, indicating that even at fairly early times, LAG-3 þ 4-1BB þ TILs underwent apoptosis. This suggested that the acquisition of this phenotype in the tumor environment was associated with high rates of proliferation and apoptosis. Direct measurement of active caspase-3 in SIY-reactive TILs revealed similar patterns of increased apoptosis in LAG-3 þ 4-1BB þ cells ( Fig. 2D; Supplementary Fig. S2B ). Antigen-specific TILs were therefore undergoing both proliferation and apoptosis in the tumor microenvironment, and both proliferation and apoptosis correlated with LAG-3 and 4-1BB expression.
We also stained TILs with Annexin V and a cell-impermeable viability dye to measure different stages of apoptosis. The LAG-3 þ 4-1BB þ population had decreased nonapoptotic, Annexin V À cells, and far more cells in late apoptosis (Fig. 2E ), indicating that many of the LAG-3 þ 4-1BB þ were in the final stages of cell death, thus confirming that the ultimate fate for these TILs was death. Both proliferating and dying TILs were LAG-3 þ 4-1BB þ , suggesting that the same TILs were undergoing both proliferation and apoptosis. To directly confirm this, we measured active caspase-3 and Ki-67 expression in total TILs and SIY-reactive TILs. Active caspase-3 was highest among TILs that were Ki-67 þ , directly indicating that apoptosis of proliferating cells was occurring (Fig. 2F) . Antigen-specific CD8 þ TILs were therefore trapped in a cycle of proliferation and apoptosis that potentially limited TIL accumulation and antitumor immunity.
Prevention of TIL apoptosis leads to improved tumor control
To determine the relationship between apoptosis, accumulation of TILs, and immune-mediated tumor control, we studied TIL apoptosis in syngeneic tumor cell lines (MC57.SIY and 1969.SIY), which are spontaneously rejected by the adaptive immune system (15, 16) . This allowed comparison of TIL apoptosis in progressing versus regressing tumors, to determine whether TIL apoptosis was specific to tumor progression. When compared with progressing B16.SIY tumors, a 4-to 5-fold expansion of SIY-reactive TILs was observed in MC57.SIY and 1969.SIY tumors (Fig. 3A) . This expansion did not appear to be the result of changes in proliferation, as the Ki-67 þ fraction of T cells was similar in progressing versus regressing tumors (Fig. 3B) . However, apoptosis was only observed among TILs from B16.SIY progressing tumors (Fig. 3C) . We previously found that CD8 þ TILs in MC57.SIY and 1969.SIY tumors did not significantly express LAG-3 or 4-1BB (4). Less CD8 þ TIL apoptosis in regressing tumors was consistent with decreased LAG-3
þ TILs in regressing tumors, as
þ TILs are the most apoptotic (Fig. 1C) . These results indicate that spontaneous TIL apoptosis is a feature of progressing and not regressing tumors.
To modulate apoptosis in T cells, we used the Lck pr -Bcl-x L mouse that overexpresses the antiapoptotic molecule Bcl-x L in T cells (Bcl-x L mice). Bcl-x L mice challenged with B16.SIY tumors had significantly reduced apoptosis of TILs, and an increase in the number of infiltrating TILs (Fig. 3D) . Proliferation between TILs from WT and Bcl-x L mice was not different, indicating the increase of TILs was, indeed, correlated with a reduction in apoptosis ( Supplementary Fig. S3A ). However, these mice paradoxically had a reduced percentage of SIY-reactive TILs ( Supplementary  Fig. S2A ), likely because T cells of multiple specificities were allowed to accumulate. To restrict Bcl-x L expression to tumor antigen-specific CD8 þ T cells, we crossed Bcl-x L mice to 2C TCR transgenic mice, the T cells from which recognize the SIY peptide in the context of K b (2C Bcl-x L mice; ref. 17) . Splenocytes from either 2C or 2C Bcl-x L mice were activated in vitro with CD3/CD28 antibodies to generate primed effector T cells, which were then transferred intravenously to mice bearing 7-day established B16. SIY tumors. Bcl-x L expression in 2C T cells resulted in significantly improved tumor control than WT 2C cells, indicating that inhibiting effector T-cell apoptosis is sufficient for more effective immune-mediated tumor destruction in vivo (Fig. 3E) .
Anti-4-1BB plus checkpoint blockade therapy leads to tumor regression and decreased TIL apoptosis
Because many TILs undergoing apoptosis express 4-1BB (Fig. 2C) , and agonist antibodies that induce 4-1BB signaling drive activation of NF-kB, a prosurvival transcription factor (18), we investigated whether engagement of 4-1BB could reduce TIL apoptosis and improve antitumor immunotherapy. Clinical trials are testing anti-4-1BB in combination with blockade of immune inhibitory receptors, so we focused on an agonist 4-1BB antibody with either CTLA-4 or PD-L1 blockade. These combinations led to enhanced tumor control of established B16.SIY tumors (Fig. 4A) .
Immunotherapy led to increased SIY-reactive CD8
þ T cells in tumor-draining lymph node, spleen, and within the tumor of treated mice (Fig. 4B) . CD8 þ cells were required for rejection, as RAG2 À/À animals had no response to immunotherapy, and depletion of CD8 þ cells, but not of CD4 þ or NK1.1 þ cells, abrogated the therapeutic effects ( Supplementary Fig. S3A-D) . Because we found SIY-reactive CD8 þ cell accumulation both in secondary lymphoid tissues and in the tumor, it was important to determine whether the trafficking of newly primed cells to the tumor was necessary for TIL accumulation and tumor regression. The trafficking of lymphocytes from lymph nodes is dependent on the receptor S1P1, whose action can be inhibited by the molecule FTY720. FTY720 treatment has been shown to effectively deplete circulating lymphocytes by preventing their ability to exit lymphoid tissues and enter back into circulation. Therefore, we treated B16.SIY tumor-bearing mice with FTY720 along with administration of anti-4-1BB combination immunotherapy. Daily FTY720 beginning on day 7 after tumor injection did not significantly impact tumor control (Fig. 4C) , indicating that therapeutic efficacy was largely mediated by TILs already present within the tumor when immunotherapy began. FTY720 was confirmed to efficiently block trafficking of T cells into the blood (Fig. 4D) . However, tumor-bearing mice treated with FTY720 and immunotherapy had no deficit in the numbers of SIY-reactive CD8 þ T cells within the tumor microenvironment compared with vehicletreated mice receiving immunotherapy (Fig. 4E) , indicating that TILs were expanding within the tumor site independently of cells expanding in the lymph nodes. Therefore, TIL accumulation was being driven by an intratumoral process. Because trafficking from lymphoid tissues was not required for SIY-reactive TIL accumulation after immunotherapy, we reasoned that either increased proliferation or decreased apoptosis of *** *** *** antigen-specific TILs was occurring. After immunotherapy, we found no difference in the proliferation of TILs (Fig. 5A) . SIYreactive TILs also showed no increase in Ki-67 expression (Fig. 5B) . However, both the overall population of TILs and the SIY-reactive TIL subpopulation showed a significant reduction in active caspase-3 ( Fig. 5C and D) . Agonistic anti-4-1BB combination immunotherapy therefore appears to mediate tumor regression by boosting antigen-specific TIL accumulation via reduction of TIL apoptosis.
TILs have increased DNA damage
To better understand the mechanisms behind TIL apoptosis, we compared gene expression profiles from the PD-1 þ LAG-3
. We chose these populations as their shared expression of PD-1 indicates they have recently seen their cognate antigen, but the PD-1 þ LAG-3 þ 4-1BB þ population is both much more proliferative and apoptotic. Using The Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8, we determined enriched gene ontology (GO) terms from 1,616 genes upregulated 2-fold or more in the PD-1
The two GO terms with the highest enrichment scores were associated with DNA damage (Fig. 6A) . As DNA damage can lead to apoptosis, we measured DNA damage in TILs. Phosphorylated histone 2A, also known as gH2AX, is a marker of double-stranded DNA breaks readily detectable by robust flow cytometry antibodies. Using intracellular staining for gH2AX, we found significantly greater gH2AX staining in the total CD8 þ and SIY-reactive TIL, as compared with the spleen (Fig. 6B) . gH2AX detection was the highest among the PD-1
þ TILs (Fig. 6C) . Ki-67 þ TILs contained significantly more gH2AX than did Ki-67 -TILs (Fig. 6D) . However, gH2AX levels between CD8 þ splenocytes that were Ki-67 þ and Ki-67 -were the same, indicating that proliferation itself was not sufficient to explain positive staining, but rather the accumulation of DNA damage was only found among proliferating T cells within the tumor microenvironment. We wanted to test more directly whether increased proliferation alone was responsible for increased detectable DNA damage, so we used 4-1BB combination immunotherapy to induce high proliferation in the CD8 þ T cells in peripheral lymphoid organs. Immunotherapy greatly increased the proliferation of these T cells, as measured by increased Ki-67 expression (Fig. 6E) . However, gH2AX levels in CD8 þ T cells in the spleen and lymph nodes were not significantly increased after immunotherapy (Fig. 6F) . Therefore, DNA damage in proliferating CD8 þ T cells occurs at high levels specifically within the tumor microenvironment, providing a potential cause of TIL apoptosis.
Discussion
We have previously found that TILs can retain IFNg production and cytolytic potential, yet tumors progress nonetheless (4), leaving as an open question why TILs fail to eradicate the tumors in which they reside. CD8
þ TIL function and gene expression partially resemble exhausted CD8 þ T cells from chronic LCMV infections, raising the question of whether a unique type of dysfunction occurs in TILs that enables tumor progression (4). Our current data suggest that TILs undergo a cycle of activation and proliferation followed by death within the tumor microenvironment that leads to their failed expansion, allowing tumor outgrowth. When this cycle is interrupted, either through the enforced expression of the antiapoptotic factor Bcl-x L or through anti-4-1BB combination immunotherapy, antigen-specific TIL accumulation is rescued and immune-mediated tumor control ensues. The fact that TILs are not as functionally inert as once thought is supported by other findings both in mouse models and with human tumors (19, 20) . Our data suggest that rescuing TILs from apoptosis may be a vital strategy to increase immune-mediated tumor control, either to increase TIL number or to allow TILs to carry out their functions for a longer period of time. Whether additional functional improvements also contribute to better TIL efficacy after immunotherapy is not formally known, and it is possible additional functional alterations could also contribute to tumor regression. Although our results clearly demonstrate that TIL apoptosis represents one mechanism by which proliferating T cells fail to accumulate in the tumor microenvironment, it is not excluded that T-cell exit from the tumor may contribute. However, the LAG-3
type characteristic of proliferating antigen-specific CD8 þ T cells within the tumor microenvironment is not found in spleens or lymph nodes of tumor-bearing mice at any time point (4). Thus, if significant numbers of TILs do recirculate to other sites, they would need to change their surface phenotype rapidly, which seems unlikely. We observed that simultaneous TIL proliferation and apoptosis occurred in progressively growing tumors, but not in tumors that underwent spontaneous rejection. In addition, TIL apoptosis was only seen in activated TILs expressing PD-1, with a higher percentage among those cells additionally expressing LAG-3 and 4-1BB. Apoptosis was not observed in the PD-1 -TIL population, suggesting that the mere presence of T cells within the tumor microenvironment is not sufficient to result in T-cell death. Rather, those T cells undergoing antigen-driven activation in situ are those that show proliferation and apoptosis, and only under conditions when the tumor is not eliminated. These Figure 4 . 4-1BB combination immunotherapy leads to tumor regression and TIL accumulation through an intratumoral process. A, C57BL/6 mice were subcutaneously inoculated with B16.SIY cells (2 Â 10 6 ). Tumors were established for 7 days; then, cohorts were treated with either single antibodies against 4-1BB, CTLA-4, or PD-L1, or combinations of anti-4-1BB þ anti-CTLA-4, or anti-4-1BB þ anti-PD-L1. Antibodies were given intraperitoneally on days 7, 10, 13, and 16 after tumor injection. Each mouse received 100 mg of each indicated antibody at each time point, n ¼ 10 mice per cohort. Data pooled from 2 independent experiments, two-way ANOVA. B, Combination immunotherapy was given as in A, but mice were sacrificed on day 13 and tumor-draining lymph nodes, spleens, and tumors were analyzed for SIY-reactive CD8 þ T cells via flow cytometry. Data pooled from 2 independent experiments. One-way ANOVA, n ¼ 10.
C, C57BL/6 mice were injected subcutaneously with B16.SIY cells (2 Â 10 6 ). Tumors were established for 7 days, at which point daily oral administration of FTY720 was begun. Mice received anti-4-1BB (100 mg) þ anti-CTLA-4 (100 mg) or anti-4-1BB (100 mg) þ anti-PD-L1 (100 mg) intraperitoneally on days 7, 10, 13, and 16 after tumor injection, n ¼ 10. Data pooled from 2 independent experiments, two-way ANOVA. D, Blood from mice from C was analyzed at the endpoint of the experiment for circulating CD3 þ cells using flow cytometry. E, C57BL/6 mice were injected subcutaneously with B16.SIY cells (2 Â 10 6 ). Tumors were established for 7 days, at which point daily oral administration of FTY720 was begun. Mice received anti-4-1BB (100 mg) þ anti-CTLA-4 (100 mg) or anti-4-1BB (100 mg) þ anti-PD-L1 (100 mg) intraperitoneally on days 7, and 10 after tumor injection and were analyzed on day 13. The accumulation of SIY-reactive TILs was analyzed with flow cytometry. Data pooled from 3 independent experiments, n ¼ 15, one-way ANOVA. data suggest apoptosis results from an active process involving TCR engagement and is a critical component of T-cell dysfunction resulting from chronic antigen stimulation. The detailed biochemical mechanisms driving TIL apoptosis remain to be pursued in future studies, but our current data suggest that accumulated DNA damage in TILs may play a role. Such DNA damage could result from the reactive oxygen species known to be produced in the context of a growing cancer, or the hypoxia and tissue stress that characterize solid tumors (21, 22) . This result is consistent with published data indicating that p53 À/À T cells are better able to control tumors upon adoptive transfer in vivo (23) . Our experiments with FTY720 indicate that major antitumor effects of anti-4-1BB combination immunotherapy can be exerted on the TILs present at baseline. This was the case despite the marked increase in tumor antigen-specific T cells in the tumor-draining lymph nodes in treated mice. These results suggest that 4-1BB expressed on TILs may be targeted directly by agonist 4-1BB immunotherapy. These data are also consistent with previous observations from both mouse and human studies that a preexisting T-cell infiltrate is associated with an increased likelihood of response to immunotherapy (7, 8) . Thus, therapeutic blockade of inhibitory signals or enhancement of costimulatory signals may both act predominantly on tumor-infiltrating CD8 þ cells for the immediate therapeutic effect observed. The effects of costimulation in the tumor microenvironment are relatively understudied, but are quickly becoming of interest. Costimulation through CD28 signaling is required for anti-PD-1 efficacy (24, 25) . Blockade of CD28 inhibited the T-cell proliferation that normally occurred after PD-1 blockade (25) . T cell-expressed ICOS is also necessary for the optimal effects of anti-CTLA-4-based immunotherapy (26) . In our current study, we show that the delivery of additional costimulation signals through an agonist 4-1BB antibody increased the efficacy of PD-L1 or CTLA-4 blockade. However, 4-1BB combination immunotherapy did not increase the proliferation of TILs, but rather reduced TIL apoptosis. This is in line with previous findings that show that 4-1BB improves the survival of CD8
þ T cells in various other model systems (27) (28) (29) . A prosurvival role of 4-1BB is also supported by studies demonstrating increased persistence of CAR T cells that include a 4-1BB signaling domain (30) . As a member of the TNFR superfamily, it is conceivable that 4-1BB ligation mediates enhanced TIL survival through the NF-kB pathway, which is critical for T cell-mediated tumor control in vivo (15, 31) . 
4-1BB
-TILs, the Àlog(P value) of each, and the number of genes from the upregulated genes that were included the each GO term. B, Day 13 CD8 þ cells from the spleens and tumors of mice were analyzed for gH2AX; n ¼ 5, two-way ANOVA. C, TILs from day 13 tumors were analyzed for expression of PD-1, LAG-3, 4-1BB, and gH2AX; n ¼ 10, one-way ANOVA. Data pooled from 2 independent experiments. D, Day 13 CD8 þ cells were analyzed for expression of Ki-67 and gH2AX; n ¼ 5, two-way ANOVA. E, C57BL/6 mice were injected subcutaneously with B16.SIY cells (2 Â 10 6 ) on day 0. On days 7 and 10, mice were treated with 100 mg anti-4-1BB plus 100 mg anti-PD-L1. On day 13, CD8 þ cells were analyzed for expression of Ki-67; n ¼ 5, two-way ANOVA. F, The same CD8 þ cells from E were also analyzed for gH2AX; n ¼ 5, two-way ANOVA.
